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The  coabuation  proceaaea  of  four  fuela  with  gaaeoua 
oxygen  at  two  flowratea  were  inveatigated.  The  naea 
burning  ratea  were  determined  for  abeet  atock  and 
caat  pleziglaaa,  30-pereent  aluminaai  in  pleziglaaa, 
polyatyrene  and  polyethylene.  The  burning  behavior 
of  polyatyrene  %diich  waa  different  from  that  of  the 
other  fuela  can  be  e..  .ined  by  diffuaiom  conaidera- 
tiona.  The  awaa  regreaaion  rate  of  pleziglaaa  waa 
found  to  decreaae  with  burning  tine  for  the  two 
ozygen  flowratea  inveatigated,  which  ia  conaiatent 
with  a  diffuaion  nechanian. 
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INTRODUCTION 


The  present  research  program  in  hybrid  combustion  has  been  concerned  with 
the  investigation  of  the  processes  involved  in  the  reactions  between 
solid  fuels  and  gaseous  oxidizers.  The  purpose  of  these  studies,  in  the 
presence  of  a  flame,  has  been  to  develop  a  suitable  model  for  the  hybrid 
combustion  processes. 

In  previous  Reports  (Ref.  1,  2,  3>  and  4),  the  experimental  results  for 
the  hybrid  cisnbustion  of  plexiglass  and  gaseous  oxygen  were  shown  to  be 
consistent  with  the  idea  that  the  combustion  rate  is  largely  controlled 
by  diffusion  processes.  On  the  basis  of  arguments  involving  the  hypothe¬ 
sis  that  a  flame  front  is  established  not  necessarily  at,  but  correlated 
with,  the  edge  of  the  laminar  boundary  layer  in  laminar  flow  and.  at  the 
buffer  layer  in  turbulent  flow,  a  model  was  demonstrated  for  that  system. 
By  further  exploiting  this  argiiment,  a  simplified  theory  of  hybrid  com¬ 
bustion  of  the  same  order  of  sophistication  as  the  classical  treatment  of 
Burke  and  Schumann  (Ref.  3)  for  the  flame  shape  in  cylindrical,  laminar 
diffusion  flames  was  presented  for  the  plexiglass-oxygen  system  in  the 
laminar  regime  (Ref.  l). 

To  test  the  general  applicability  of  the  postulations  for  the  plexiglass- 
oxygen  system,  other  solid  fuels  also  were  studied.  The  nmss  burning 
rates  of  polystyrene  and  polyethylene  fuels  were  investigated  for  two 
gaseous  oxygen  flowrates.  The  reproducibility  of  data  with  the  30-percent 
aluminum  in  plexiglass  fuel  at  the  higher  oxygen  flowrates  was  improved 
with  a  modification  of  the  apparatus. 
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expoumemtal  procedure 


The  basic  apparatus  illustrated  in  Fig.  1  has  been  described  in  a  previ¬ 
ous  report  (Ref.  l).  The  tubular  configuration  is  used  for  the  present 
experimental  program.  In  a  standard  run,  a  24-inch-long  fuel  cylinder, 
composed  of  twelve  3  by  3  by  2-inch  blocks  with  the  l-inch-diameter  con¬ 
centric  holes  aligned  with  the  holes  of  the  facing  and  backing  plates, 
is  burned  for  60  seconds.  To  prevent  pressure  fluctuitions  with  metal¬ 
lized  fuels  because  of  slag  buildup  at  the  terminal  end,  a  backing  plate 
with  an  enlarged  outlet  diameter  of  2-1/2  inches  is  now  employed.  This 
_J  is  used  for  most  runs  in  order  to  present  data  taken  at  identit^al  condi¬ 

tions.  A  temperature  probe  and  pressure  gage  at  the  oxidizer  flowmeter 
were  added  to  permit  more  accurate  measurement  of  the  oxidizer  flowrate. 


V 
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Figure  1.  ^jrbrid  Coabueiion  Apparatus 
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RESULTS 

VARIATION  OF  MASS  RESIESSION  RATE  VaTH 
AXIAL  lENGTH  FOR  THE  PIEXIGLASS-OXYGEN 
SYSTEM 

With  the  improved  metering  system  for  the  oxidizer  flow,  the  flowrates 
can  be  more  accurately  measured  and  corrected.  Six  runs  of  60  seconds 
duration  were  made  at  known  oxygen  flowrates  with  sheet  plexiglass  fuel 
using  the  backing  plate  with  a  l-inch-diameter  outlet.  In  Fig.  2,  the 
burning  rate  data  for  these  runs  are  plotted  together  with  the  data  taken 
previously  on  this  system.  From  the  new  data,  the  correct  entrance 
Reynolds  numbers  can  be  established  for  most  of  the  previous  data.  The 
values  of  ^62^  are  indicated  on  Fig.  2.  The  data  previously  reported 
for  entrance  ^  Reynolds  numbers  at  58 >000  and  5800  are  in  agreement 
with  the  present  data  at  56 >600  and  6000,  respectively. 

Runs  were  made  with  2-foot-long  combustors  of  sheet  stock  plexiglass  and 
cast  plexiglass  at  two  oxygen  flowrates.  A  backing  plate  with  a  large- 
diameter  outlet  was  utilized.  Figure  3  illustrates  that  there  is  no 
appreciable  difference  in  the  burning  characteristics  of  the  plexiglass 
made  by  two  production  methods. 


EFFECT  OF  BURNING  TIME  ON  MASS  REGRESSION 
RATE  FOR  PIEXIGLASS-OXYGEN  SYSTEM 

The  results  of  the  effect  of  burning  time  upon  the  mass  burning 
rates  of  plexiglass  are  sunmarized  in  Fig.  4  and  5-  Two-foot-long 

^Blocks  were  cast  by  the  supplier  of  the  cast  metallized  blocks. 
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Figure  4.  The  Effect  of  Bumiug  Time  on  Mafe  Begreasion  Ratea  for 
Plaziglaaa  With  Oxygen  at  Reg  *  6000 
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Figure  3*  The  Effect  of  Burning  Time  on  Mass  Regression  Rates  for 
Plexiglass  With  Oxygen  at  B«2,  *  56,600 
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combustors  of  plexiglass  were  burned  for  30,  60,  90,  and  120  seconds 
with  oxygen  at  Re2r  °  ^000.  The  mass  burning  rate  vs  axial  length  curves 
are  shown  in  Fig.°  4.  At  Ile2r  ”  56,600,  runs  were  made  for  30,  45, 

60,  75,  90,  and  120  seconds,  and'^the  mass  burning  rate  vs  axial  length 
curves  are  presented  in  Fig.  5.  lu  general,  the  mass  burning  rates  de¬ 
crease  with  increase  in  burning  time.  At  Ile2r  °  6000,  the  mass  burning 

rate  for  all  burning  times  first  decreases,  then  levels  off.  At  approxi¬ 
mately  10  inches,  the  burning  rates  for  the  various  burning  times  begin 

to  decrease  more  rapidly.  For  the  higher  flowrate  (Re.  >  56,600),  the 

^**0 

mass  burning  rate  decreased  and  then  increased  for  all  burning  times. 
Typical  point  burning  rates  of  plexiglass  at  two  axial  positions  for  two 
oxygen  flowrates  are  given  in  Table  1.  In  general,  not  only  does  the  mass 
burning  rate  m  (g/cm  -sec)  decrease  with  time,  but  the  rate  of  mass  con- 
sianed  per  unit  time  m^  (g/sec)  also  decreases. 

STUDIES  OF  OTHER  FUELS  WITH  OXYGEN 

Th>  burning  characteristics  of  polystyrene  (PS),  polyethylene  (PE),  and 

30-percent  aluminum  in  plexiglass  (30  percent  Al-PMMA)  with  oxygen  were 

investigated  at  two  oxygen  flowrates.  The  mass  burning  rate  vs  axial 

length  curves  for  these  fuels  at  Re2p  =  6000  and  56,600  are  shown  in 

Fig.  6  and  7,  respectively;  as  a  compSrison,  the  curves  for  plexiglass 

were  also  included.  Typical  m,  r  (surface  regression  rate  cm/sec),  and 

m^  values  are  given  in  Table  2  for  the  fuels  at  Re2j.  “  56,600. 

0 

Liquid  polyethylene  was  observed  to  pour  out  the  end  of  the  combustor 
during  the  runs  at  both  flowrates  and,  thus,  the  mass  burning  rate  data 
^ich  were  lower  than  for  plexiglass  over  most  of  the  combustor  length 
cannot  be  expected  to  be  of  much  value.  However,  it  should  be  noted 
that  the  mass  burning  rate  for  this  fuel  behaved  similarly  to  plexiglass. 
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^Point  burning  rates  are  detemined  fr<»  the  weight  loss  of  each  2-inch-long  block 
and  the  Talue  is  assigned  to  the  nidpoint  of  the  block. 


z,  AXIAL  LENGTH,  INCHES 

Figure  6.  Maes  Burning  Rate  ve  Axial  Length  for  PolyBers 
With  Oxygen  at  *  ^000  ' 
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The  aluminized  fuel  burned  much  smoother  with  the  large-diameter  end 
plate,  and  the  mass  burning  rate  vs  asial  length  curves  for  almsinized 
fuel  are  reproducible  and  similar  in  shape  to  those  of  plexiglass.  Both 
the  m  and  r  values  are  higher  for  the  aluminized  fuels  than  for  plexi¬ 
glass,  but  the  differences  in  r  appear  to  be  less  than  10  percent.  Thus, 
it  appears  that  the  increased  mass  burning  rate  cafi  not  be  explained  by 
the  density  difference. 

Polystyrene  exhibits  the  only  unique  mass  burning  rate  vs  axial  length 
curve.  The  mass  burning  rates  and  surface  regression  rates  for  this  fuel 
are  considerably  higher  than  for  any  of  the  other  fuels  at  the  same  con¬ 
ditions.  The  fuel  burned  with  a  bright  luminous  flame,  and  a  great  deal 
of  black  smoke  and  vapor  was  observed  during  the  runs  which  were  very 
noisy.  The  burned  surface  of  the  polystyrene  was  pitted  and  blackened 
with  carbon. 
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DISCUSSION 


Burning  rate  has  been  shown  (Fig.  2)  to  decrease  with  a  decrease  in 
Reynolds  numb* r,  which  is  in  agreement  with  a  diffusion  controlled 
mechanism.  Since  the  Reynolds  number  is  inversely  proportional  to  the 
diameter  of  the  hole  in  the  fuel  blocks,  at  a  fixed  mass  flowrate  of 
gas,  the  Reynolds  number  will  decrease  with  burning  time,  thus  caus¬ 
ing  the  burning  rate  to  decrease;  this  is  shown  in  Fig.  4  and  3  and 
in  Table  1.  It  is  significant  that  not  only  does  the  linear  burning 
rate  (r)  decrease,  but  also  the  total  mass  bumed/sec  (m^)  becomes  lower 
at  longer  bum  times  even  though  the  surface  area  of  the  fuel  increases. 
The  rate  of  a  chemically  controlled  process  would  be  expected  to  increase 
with  surface  area  if  pyrolysis  was  rate  determining.  Thus,  a  diffusion 
controlled  mechanism  is  consistent  with  the  above  observation. 


An  alternative  explanation  for  the  observed  decrease  in  m^  with  burn¬ 
ing  time  can  be  given  if  the  surface  temperature  as  a  function  of  burn¬ 
ing  time  is  considered.  Assuming,  for  this  discussion,  that  approxi¬ 
mate  steady-state  conditions  are  established  shortly  after  the  combus¬ 
tion  starts,  the  amount  of  beat  available  from  combustion  at  any  z  is 
constant  with  time.  Since  the  surface  area  increases  with  time,  the 
calories  available/unit  area  and  the  beat  transfer  rates  as  a  result 
of  convection,  because  of  lower  Reynolds  numbers,  decrease.  Thus,  the 
surface  recession  rates  may  decrease  for  either  or  both  of  the  follow¬ 
ing  reasons; 

1.  The  I'ate  of  fuel  consumption  may  be  controlled  by  the  rate  of 
heat  euldition;  i.e.,  the  chemical  rate  of  pyrolysis  is  rapid 
enough  at  the  surface  temperature  to  maintain  that  temperature 
constant,  although  the  rate  of  heat  addition  may  change. 
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2.  The  chemical  kinetics  of  polymer  pyrolysis  may  control  the 
rate  of  fuel  consumption;  i  e  ,  the  surface  temperature  will 
be  dependent  on  rate  of  heat  addition,  thus  resulting  in  a 
partially  chemically  controlled  process. 

Since  the  experimental  data  can  be  explained  by  a  diffusion  controlled 
mechanism,  it  is  believed  that  the  above  is  not  the  major  contributor 
to  combustion  rates,  at  least  with  plexiglass.  Further  investiga¬ 
tion  must  be  m^ide  to  detennine  if  the  contribution  is  significant. 

The  mass  regression  rate  vs  axial  length  curves  for  polyethylene  and 
the  30-percent  aluminum  fuels  were  found  to  be  similar  in  shape  to 
that  of  plexiglass  IVhiie  the  data  for  polyethylene  may  not  be  expected 
to  be  reliable  because  of  the  obvious  flowing  of  liquid  fuel  during 
burning,  it  is  significant  that  all  three  fuels  exhibit  similar  burn¬ 
ing  characteristics  A  comparison  of  the  linear  regression  rates  of 
the  fuels  shown  in  Table  2  reveals  that  there  are  differences  in  the 
magnitude  of  the  rate  of  burning  that  cannot  be  explained  by  the  den¬ 
sity  differences  With  larger  proportions  of  metal,  the  metal  may 
exert  a  greater  and  different  influence  upon  the  over-all  burning 
characteristics,  but  for  the  percent  aluminum  used  thus  far,  the 
previously  proposed  model  (Ref  i)  is  satisfied 

Figures  6  and  7  show  a  marked  difference  in  the  burning-rate  behavior  of 
polystyrene  (PS)  when  compared  to  the  other  polymers  examined.  Since 
the  density  of  polystyrene  is  about  10  percent  lower  than  that  of  plexi¬ 
glass,  the  increase  in  burning  rate  is  magnified  by  a  comparison  of  the 
linear  regression  rates  shown  in  Table  2.  The  following  thermodynamic 
and  mass  transfer  considerations  can  be  used  to  explain,  qualitatively, 
the  observed  behavior: 
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1.  Because  styrene  is  an  endo'^’iermic  compound,  its  pyrolysis  and 
combustion  will  yield  significantly  higher  flame  temperatures 
than  the  corresponding  process  for  methyl  methacrylate;  approxi¬ 
mate  calculations  show  a  difference  of  about  800  K,  assuming  the 
monomers  to  yield  CO  and  H^O.  Therefore,  the  gas  temperatures, 
and  thus  the  burning  rates,  in  the  sections  of  the  combustor 
which  still  have  significant  concentrations  of  oxygen  will  be 
higher  for  styrene  than  for  MMA. 

2.  The  increased  burning  rate,  shortly  after  the  entrance,  results 

in  higher  mass  addition  rates  which  cause  a  transition  to  turbu¬ 
lent  flow  at  a  position  much  closer  to  the  entrance.  Figure  6 
shows  this  transition  for  PS  combustion  occurs  at  the  second 
block  for  the  lower  >  whereas  at  higher  flowrates  a  laminar 

region  does  not  appear  t8  exi.-t  (Fig.  7)-  The  increased  turbu¬ 
lence  further  increases  the  burning  rate,  which  is  consistent 
with  the  model  previously  proposed  for  PMMA  burning. 

3.  The  oxygen  is  consumed  much  more  rapidly  during  PS  combustion 
because  of  both  stoichiometry  (assuming  CO  and  H2O  as  products) 
and  consumption  rate;  thus,  the  downstream  gas  temperature 
should  start  decreasing  closer  to  the  entrance.  The  color  of 
the  flame  at  the  exit  of  the  24-inch  firings  indicated  that  the 
gas  temperature  at  that  point  was  lower  for  PS  (dark  orange  and 
smoky)  than  for  PMMA  (yellow  to  blue).  Th^is,  the  relative  gas 
temperatures  of  these  systems  appear  to  have  been  reversed, 
which  is  consistent  with  a  more  rapid  temperature  drop  for  the 
PS  fuel.^  At  the  higher  flowrates  (Fig.  7),  the  effect  of  the 

2 

Optical  pyrometiy  will  be  used  to  substantiate  this  observation. 

3 

It  is  known  that  the  oxygen  concentration  does  not  decrease  as  rapidly 
as  stoichiometiy  requires  because  of  diffusion  and/or  chemical  reaction- 
rate  limitations.  Thus,  the  actual  drop  in  gas  temperature  will  probably 
occur  further  downstream  than  stoichiometry  would  indicate  for  both  systems. 
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lowering  of  the  PS  gas  temperature  apparently  is  offset  by  the 
increased  consumption  rates  as  a  result  of  increased  turbulence, 
which  led  to  the  horizontal  portion  of  the  curve;  but  at  the 
lower  flowrates,  this  was  not  the  case  and  a  drop  in  the  con¬ 
sumption  rate  near  the  exit  was  observed  (Fig,  6).  If  this 
qualitative  description  is  correct,  the  consumption  rate  at  the 
higher  oxygen  flowrate  should  drop  off  downstream  sooner  for 
PS  than  for  PMMA. 

The  relative  rates  of  pyrolysis  of  the  polymers  may  also  contribute  to 
the  regression  rate,  but  the  preferred  mecnanism  can  explain  the  observed 
behavior  without  considering  pyrolysis.  Although  the  relative  rates  of 
polymer  degradation  in  a  vacuum  ^Ref  6)  indicate  that  PS  is  more  stable 
than  PMMA  at  350  C,  the  degradation  rates  under  combustion  conditions 
in  the  presence  of  gases  flowing  at  high  velocities  may  be  quite  different. 
If  the  influence  of  oxidizing  gases  on  combustion  rates  due  to  a  change 
in  the  fuel  pyrolysis  rates  was  significant,  it  would  be  necessary  to 
modify  the  diffusion-combustion  model  to  account  for  oxygen  reaching 
the  surface  and  to  accommodate  chemical  kinetic  effects. 

Other  investigators  (Ref.  7)  have  made  hybrid  combustion  studies  with  an 
enclosed  fuel  system  of  two  3  by  3- inch  fiat  plates  of  fuel.  The  mass 
flows  of  oxygen  (O.Ol  Ib/sec)  are  comparable  with  those  used  in  this 
wo  lie.  However,  the  operating  pressures  were  at  least  23  times  larger 
and,  therefore,  the  linear  axial  velocity  is  correspondingly  lower  and 
of  the  same  order  of  magnitude  as  the  normal  velocity.  With  this  large 
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mass  addition  from  the  wall,  transition  to  turbulent  flow  is  brought  on 
at  much  lover  Reynolds  numbers,  and  the  reported  mass  burning  rates  are 
above  what  would  be  expected  for  this  entrance  Reynolds  number  without 
mass  addition.  The  regression  rate  of  plexiglass  was  found  to  decrease 
with  axial  length,  as  has  been  reported  in  this  program,  to  confoim  to 
a  laminar  region. 

The  combustion  model  proposed  for  the  experiments  carried  out  at  Rocket- 
dyne  (Ref.  2  and  3)  is  a  diffusion  flame  model  based  upon  the  following 
hypotheses: 

1.  A  flame  front  is  established. 

2.  Combustion  takes  place  in  stoichiometric  proportions  at  this 
well-defined  flame  front. 

3.  In  laminar  flow,  the  location  of  the  flame  can  be  correlated 
with  the  edge  of  the  laminar  boundary  layer. 

4.  In  turbulent  flow,  the  flame  is  located  near  the  edge  of  the 
turbulent  buffer  layer, 

3.  The  pressure  gradient  in  the  axial  direction  is  negligible. 

6.  Mass  addition  from  the  wall  is  negligible. 

This  basic  model  has  been  used  by  others  (Ref.  7).  The  expansion  of  the 
model  (Ref,  l)  yielded  a  simplified  theory  with  equations  for  the  mass 
regression  rate,  oxygen  profile,  fuel  profile,  and  temperature  profile 
in  the  laminar  regime. 


R-2267-6 


19 


FOMM  •Oe.B  FLAT!  RBV.  !••• 


A  DIVISION  OF  NORTH  AMKRICAN  AVIATION.  INA 


\ 


In  evaluating  the  correlations  and  postulations  for  the  experimental 
results  presented  in  this  progrtun^  it  is  important  to  note  that  the  physi¬ 
cal  assumptions  and  analytical  procedures  were  designed  to  account  for 
the  observed  burning  rates  of  plexiglass  in  oxygen  at  one  atmosphere 
pressure,  and  not  for  the  combustion  processes  that  may  be  occurring  in 
hybrid  rockets  at  higher  pressures.  However,  it  is  interesting  to  specu¬ 
late  on  the  important  changes  that  are  iikely  to  cc.ur  in  hybrid  rockets 
in  extrapolating  the  low-pressure  results  on  plexiglass  burning. 

As  a  result  of  the  increase  in  pressure,  the  gas  density  1:3  increased. 
Thus,  for  fixed  linear  flow  velocities  the  Reynolds  numbers  are  raised 
\diich  cause  transition  to  turbulent  f;.ow  to  occur  nearer  the  entrance. 

In  addition,  burning  rates  should  in' tease  with  increasing  pressure 
particularly  if  real  hybrid  propellants  simulate  tbe  behavior  of  under- 
oxidized  solid  fuels.  With  increasing  burning  rates,  tbe  mass  flowrate 
normal  to  tl;e  chamber  axis  will  also  increase.  This  increased  mass  addi¬ 
tion  from  the  wall  should  cause  a  reduction  in  the  transition  Reynolds 
number  to  well  below  tbe  values  applicable  for  flow  without  mass  addi¬ 
tion,  >diich  again  indicates  transition  will  occur  closer  to  the  entrance. 
The  net  result:  of  these  considerations  appears  to  be  the  conclusion  that 
combustion  in  hybrid  rockets  is  likely  to  involve  turbulent  flow;  i.e., 
turbulence  will  predominate  over  a  greater  axial  length  and  perhaps  over 
the  entire  grain.  Thus,  the  trends  observed  at  a  pressure  of  one  atmos¬ 
phere  appear  to  give  an  expanded  picture  of  what  mi^t  be  expected  at 
higher  pressures. 

For  turbulent  flow,  we  have  postulated  that  the  flame  front  is  located 
at  the  edge  of  the  turbulent  buffer  layer.  This  hypothesis  has  not  been 
proven,  although  it  appears  intuitively  as  plausible  as  the  idea  that 
the  flame  front  is  located witlan the  laminar  boundary  layer  in  laminar 


R-2267-6 


20 


POfIM  SOa-B  PLATS  fIBV.  1.M 


'I 


A  DIVISION  or  NORTH  AMERICAN  AVIATION.  INO 


flow.  There  is  no  justification  for  assuming  that  the  prevalence  of 
turbulent  flow  over  the  entire  hybrid  grain  necessarily  implies  that  the 
observed  gasification  rate  will  decrease  with  axial  distance  because  the 
oxidizer  is  consumed,  since  the  reduction  in  oxidizer  concentration  will 
tend  to  be  offset  by  heating  of  tbe  main  fluid  stream. 

No  attempt  has  been  made  to  calculate  a  prion  the  beat  transfer  to  the 
plexiglass  wall,  in  terms  of  free  stream  .onditions.  One  might  be  tempted 
to  perform  this  estimate  in  view  of  the  enormous  complexity  entailed  by 
the  development  of  a  significant  theory  (^Ref.  1).  However,  the  numerical 
values  would,  in  any  case,  be  subject  to  considerable  doubt  because, 
without  a  detailed  combustion  model  and  without  quantitative  knowledge  of 
the  influence  of  mass  addition  on  tbe  effective  transport  correlation 
parameters  (e.g. ,  the  Stanton  numbei ,)  on  tbe  velocity  profile  and  on  the 
temperature  profile,  it  is  unlikely  that  reliable  numerical  estimates  can 
be  obtained. 
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SUMMARY 


The  mass  burning-rate  data  obtained  thus  far  demonstrate  characteris¬ 
tics  that  can  be  explained  by  the  proposed  diffusion  flame  model.  The 
mass  burning  rate  of  plexiglass  vas  found  to  decrease  with  burning  time. 
Plexiglass,  pplyethylene,  and  the  aluminized  fuel  demonstrated  similar 
burning  behavior.  In  the  case  of  polystyrene,  tiirbulent  flow  predomi¬ 
nates  over  a  greater  portion  of  the  combustor,  idiicb  may  be  caused  by 
turbulence  being  brought  on  at  lower  Reynolds  numbers  by  greater  mass 
addition  from  the  wall.  A  similar  increase  in  turbulence  is  anticipated 
at  pressures  that  would  be  encountered  in  real  hybrid  rockets.  The 
data  obtained  at  one  atmosphere  pressure  appear  to  give  an  expanded 
picture  of  the  flow  pattern,  which  includes  a  larger  laminar  regime 
than  would  be  expected  at  higher  pressures. 
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FUTUHE  WORK 


The  program  will  be  directed  toward  obtaining  data  at  increased  pressures 
and  demonstrating  the  adaptability  of  the  proposed  model  to  these 
conditions . 

The  effect  of  larger  percentages  of  aluminum  and  of  other  metals,  such  as 
titanium  in  the  form  of  the  hydride,  will  be  studied. 

The  effect  of  variations  of  initial  diameter  of  the  fuel  grain  will  also 
be  determined. 

In  an  effort  to  ascertain  whether  the  burning  of  polystyrene  and  similar 
materials  is  controlled  primarily  by  chemical  reaction  and/or  diffusion 
processes,  this  fuel  will  be  preheated  and  precooled. 

Effort  will  be  continued  toward  obtaining  a  quantitative  model  for  turbu¬ 
lent  flow.  In  particular,  the  problem  of  large  mass  addition  from  the 
wall  will  be  considered. 
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